Eye movements during the reading of multi-line pages of texts were analyzed to determine the trajectory of reading saccades. The results of two experiments showed that the trajectory of the majority of forward-directed saccades was negatively biased, i.e., the trajectory fell below the start and end location of the saccadic movement. This is attributed to a global top-to-bottom orienting of attention. The curvature size and the proportion of negative trajectories were diminished when linguistic processing demands were high and when the beginning lines of a page were read. Longer pre-saccadic fixations also yielded smaller saccadic curvatures, and they resulted in fewer negatively curved forward-directed saccades in Experiment 1 although not in Experiment 2. These findings indicate that the top-to-bottom pull of saccadic trajectories is modulated by processing demands and processing opportunities. The results are in general agreement with a time-locked attraction-inhibition hypothesis, according to which the horizontal movement component of a saccade is initially subject to an automatic top-to-bottom orienting of attention that is subsequently inhibited.
Introduction
Eye movements during reading have two clearly distinguishable components, saccades and fixations, and their properties have been extensively studied. Saccades that progress across text typically have a mean size of 6-8 letter spaces (LS) and mean fixation durations range between 230 ms to 250 ms (see Rayner (1998) , for a review). Pollatsek and Rayner (1982) were the first to show that saccade size decreases dramatically when spaces between words are filled with irrelevant characters during the initial fixation period, but not when the filling occurs slightly later during the fixation. The visuo-spatial segmentation of text is thus used relatively early in a fixation to direct a saccade. Subsequent work showed that saccades are typically aimed at the spatial center of the next word in the text (McConkie, Kerr, Reddix, & Zola, 1988; McConkie, Kerr, Reddix, Zola, & Jacobs, 1989; Rayner, 1979) , but the actual landing position is strongly influenced by low level visuomotor constraints with some modulation from linguistic processing (e.g. McConkie et al., 1988; Radach, Inhoff, & Heller, 2004; Vitu, 1991; White and Liversedge, 2004) .
Saccades also do not move the eyes strictly from one word to the next. Corpus analyses show that 'regular saccades' that are directed from one word to the next account for just over half of the saccades that are executed during reading (Hogaboam, 1983) . Other saccades move the eyes to a different location within an already fixated word (refixations), skip over the next word in the text, or regress to a previously viewed text segment. Recent models of eye movement control during reading provide relatively successful accounts of how these saccade patterns emerge from the moment-to-moment selection of individual words for processing (Engbert, Nuthmann, Richter, & Kliegl, 2005; Pollatsek, Reichle, & Rayner, 2006; Reichle, Pollatsek, Fisher, & Rayner, 1998; Reichle, Warren, & McConnell, 2009; see Radach, Reilly, & Inhoff, 2007 , for a recent discussion).
In contrast to the extensive studies of saccade sizes and saccadic landing positions in reading, there are virtually no examinations of the movement trajectories of reading saccades. Textbook depictions of fixation sequences in reading either do not show trajectories (e.g., or depicted trajectories are arbitrary and simply meant to illustrate that the eyes move from one location to another (e.g., Just & Carpenter, 1987) . Figures with small samples of actual reading saccades (e.g., Kliegl, Nuthman, & Engbert, 2006, p. 17) suggest that the eyes do not move in straight lines between the start and end locations of saccades. Nevertheless, the default assumption appears to be that reading saccades typically move in a straight line and that deviations from it are merely the byproduct of a somewhat noisy oculomotor system. In view of this default assumption, the current study sought to provide a normative description of saccade trajectories when reading text for meaning. Furthermore, it sought to determine whether 0042-6989/$ -see front matter Ó 2010 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres.2010.03.025 saccade trajectories are modulated by linguistic and visuo-spatial factors.
The trajectory of saccades has received considerable attention outside the domain of reading. Van Gisbergen, van Opstal and Roebroek (1987) showed, for instance, that the trajectories of almost all simple saccades that were executed from a central start location to a higher or lower end location in the right visual fieldwere curved to various degrees. Moreover, their study showed that nearly equal proportions of these upward-or downward-directed saccades curved above and below the shortest distance (straight line) between the starting and ending locations of a saccade. Under these simple 'single-step' saccade conditions, movement deviations from the straight line appeared to be due to random variation of a noisy oculomotor system. Yet, trajectories deviated systematically from the straight line when the spatial location of the saccade target was changed in a double-step procedure. Specifically, when a target at a right-up location was replaced by a target at a right-down location after the programming of a saccade toward to the first location had begun, then saccades often started out in an upward direction toward the first target and subsequently curved toward the second target.
Other studies have provided direct evidence for an effect of visual selection on the trajectory of fixed-size single-step saccades. When target distractors are present in the visual display, saccade trajectories can curve toward them, and this is particularly likely when they appear unexpectedly and when they are close to the target (Godijn & Theeuwes, 2002; McPeek, Han, & Keller, 2003; McPeek & Keller, 2001; McSorley, Haggard, & Walker, 2006; . Conversely, saccades can also curve away from distractor locations, and this typically occurs when distractors are expected or when the nontarget (distractor) location must be attended or when it is to be remembered (Doyle & Walker, 2001; McSorley et al., 2006; Sheliga, Riggio, & Rizzolatti, 1994; Van der Stigchel, Merten, Meeter, & Theeuwes, 2007; van Zoest & Van der Stigchel, 2008; .
A recently proposed unifying account of saccadic curvature effects assumes that distractors have excitatory properties that initially attract saccade targeting, and that saccades that are executed during this stage are curved toward them. Initial activation of distractors is followed by a subsequent inhibition of their locations. Distractors are now rejected, and saccades that are executed during this stage of processing curve away from distractor locations. Consistent with this view, saccades that curve toward distracters are typically preceded by shorter latencies than saccades that curve away from them . In the following, this is referred to as the time-locked attractor-inhibition hypothesis.
Similar to prior studies of saccade trajectories that involved the execution of individual saccades to designated object locations, reading requires effective spatial selection so that the eyes can be directed to a segment of text from which useful information is sought. When multi-line text is read, specification of a saccade target must involve the selection of a particular line of text so that information can be extracted from a sequence of grammatically ordered words. Consistent with this line-selection assumption, readers do not respond to linguistic properties of words that are visible below a to-be-read line of text even when they are well within the range of high acuity vision (Inhoff & Briihl, 1991; Inhoff & Topolski, 1992; Pollatsek, Raney, LaGasse, & Rayner, 1993; Pollatsek et al., 1993; Inhoff & Topolski, 1992) .
Also, similar to attraction and inhibition effects of object distractors on the trajectory of individual saccades, attraction and inhibition effects could modulate the trajectory of a sequence of reading saccades. Text below a current line is often as close to a fixated word as the next words in the text. Since these 'distractor lines' occupy predictable locations, saccades in their direction should be inhibited (Doyle & Walker, 2001; McSorley et al., 2006) , and intra-line saccades could thus typically curve away from them. Trajectories that curve away from the next lines of text could be particularly common when pre-saccadic fixation durations are long, as this provides more opportunity for the build-up of inhibition.
In many aspects, eye movements in reading differ from eye movements in prior studies of saccade trajectories. Reading is a more continuous task that involves the extraction of linguistic information via a sequence of saccades rather than the targeting of an object location on an individual trial. Reading is also a highly practiced task with over-learned habits that have a profound effect on information extraction. A strong intra-line attentional momentum pulls information extraction in the direction of word order (e.g., Spalek & Hammad, 2005; Inhoff, Pollatsek, Posner, & Rayner, 1989) , and readers have a lifetime of experience scanning text from the top to the bottom of a page. This creates an automatic vertical attentional orienting (Tlauka, Wilson, Adams, Souter, & Young, 2007) , that could pull the trajectory of intra-line reading saccades toward the bottom of a page. The effect of this automatic pull could be apparent when pre-saccadic fixation durations are relatively short, as this should provide relatively little opportunity for the build-up of inhibition.
Experiment 1

Method
Participants
Twenty-four Binghamton University students participated in exchange for experimental course credit. All students had normal or corrected to normal vision and did not report any history of reading problems.
Apparatus
All text was shown in 14 point Courier type on a 21-inch flat screen Iiyama monitor at a refresh rate of 120 Hz. The screen display was set to a 1024 Â 768 pixel resolution and each character was presented within a 19 Â 12 pixel grid. Text was presented in black against a light-grey background. Viewing distance was set to 70 cm at which each letter of text subtended approximately .3°of visual angle. Eye movements were recorded with a SR Research Eyelink 1000 tower tracking system with a built-in chin rest that sampled the position of the right eye at 1000 Hz with a tracking accuracy of approximately .015°. This accuracy value refers to relative accuracy, the ability of the system to reliably detect changes in fixation location, which is critical to the work reported here. In contrast, absolute accuracy, as determined by calibration, refers to short-term repeatability in the determination of a fixation position (see McConkie (1981) , for details).
Materials, procedure, and design
The materials consisted of two stories, one with 1639 words and one with 1546 words. Each story was read in one of two instruction conditions, one in which participants were asked to read a story carefully so that they could answer questions about details of the story, and one in which they were asked to skim the story so that questions regarding gist could be answered. The slightly longer passage was segmented into 31 visual pages, the large majority of which contained five lines of text. An attempt was made to provide cohesive text so page turns were always between paragraphs. Consequently, several pages contained three or four lines so that the next page could be started with a new paragraph. The second story was analogously segmented into 29 pages.
In both stories, individual lines contained 2-19 words, but the vast majority of lines, 87%, contained between 11 to 14 words. Text was centered so that line three corresponded to the midline of the screen. Inter-line spacing was 40 pixels, the equivalent of double spacing.
The experiment started with a two-dimensional calibration of the eye tracking system. Viewing was binocular, but only the right eye was tracked, as has been the case in most reading studies. Each participant was instructed to fixate a sequence of nine dots each of which appeared for one second in random order at a left, center, or right location at the top, middle, or bottom of the screen. Calibration was followed by a second calibration-like validation routine, and a page of text was presented for reading when the error between the calibration and validation recordings was .3°of visual angle or less, i.e., approximately one horizontal character space or less. The onset of a page of text was controlled by the reader via button pressing on a Microsoft game controller. After reading a page of text, participants were required to look at the letter string ''ooXoo" that was presented on every screen to the right of the last word of the text. Participants were instructed to look at the ''X" (for a tracking accuracy check) and to proceed to the next page by pressing the game controller button a second time. This removed the passage and revealed a fixation marker for the next page. This marker occupied the position of the first character of the next page of text. Another game controller button press initiated the presentation of a page of text. The reader thus controlled all temporal aspects of text presentation.
Measurement
Software provided by the equipment manufacturer (SR Research) was used to parse the continuous recordings of fixation locations into fixations and saccades. The software defined the onset of a saccade as the point in time when eye movement velocity exceeded 30°/s and when acceleration exceeded 8000°/s 2 . A saccade was considered terminated when velocity was less than 30°/s, and the time in between the offset of one saccade and the onset of the next defines the duration of a fixation. The same software with the identical fixation-saccade-fixation parsing criteria has been used in a large number of reading studies to determine fixation durations and saccade sizes, and similar or identical criteria have also been used for the identification of saccade onset and offset in recent studies that examined the trajectory of saccades to peripherally visible targets (e.g., McSorley et al., 2006; . Eye movements during the reading of text differ from eye movements in all other studies that have so far examined the influence of visual selection on saccade trajectories in that participants execute a complex sequence of saccades and in that the experimenter controls neither the size nor the direction of these saccades. We used, therefore, custom-developed software to measure the spatial trajectory of reading saccades (for details see http://www.entroware.com/edas2.html). Two measures were computed: (1) the extent to which a saccade's curvature deviated from a straight line in between the saccade's starting and ending position and (2) the direction of the curvature. It was considered positive (upward) when it curved toward the top the screen and negative when it curved toward the bottom. We also computed another vertical saccade-dependent spatial measure, tilt, which consisted of the vertical spatial difference between the onset and offset locations of a saccade. All movement deviations were measured in pixel units.
The computation of saccadic curvature and curvature direction, our primary measures, started with the specification of the starting and end points of a saccade as defined by Eyelink software. Since the eyes are not completely stable during reading fixations (e.g., Inhoff, Solomon, Seymour, & Radach, 2008; Liversedge, White, Findlay, & Rayner, 2006) , and since the onset and offset of a reading saccade does not correspond to a discrete change from a stationary to a moving eye, we adopted a relatively conservative criterion for the computation of saccade trajectories by moving the starting and ending points of the trajectory somewhat into the saccade and by computing the trajectory for the remaining center segment of the movement.
1 The starting point of this center segment was defined as the average location of a saccade 2-4 ms after its Eyelink-defined onset. Analogously, the end point of the trajectory was defined as the average location of the saccade 2-4 ms before its Eyelink-defined offset. Due to this relatively conservative onset-offset criterion, no curvature measures could be obtained for saccades with durations of less than 9 ms. Several slightly different procedures can be used to compute saccadic curvature, almost all of which have yielded very similar effect patterns in direct comparisons (see Van der Stigchel, Meeter, and Theeuwes (2006) ). As noted earlier, we computed the curvature of a saccade by measuring the extent to which its onset-to-offset trajectory deviated from the straight line between the custom defined onset and offset locations of saccadic curvature. To determine the size and direction of the deviation, we computed the perpendicular distance of a saccade's location from the straight line for each 1 ms interval. After that, we selected the largest mean deviation from the straight line that was maintained over three consecutive sampling intervals, e.g., curvature deviation was determined for the 5-7 ms interval, the 6-8 ms, the 7-9 ms interval, etc., and the largest emerging interval value was used to index saccadic curvature. In addition, we determined whether the trajectory was above (positive) or below (negative) the straight line.
Data selection
Readers executed 57,497 saccades during the reading of the two stories. The use of relatively conservative curvature computation criteria resulted in the exclusion of virtually all saccades of 1 letter space (LS) or less. We further removed outliers that are typically excluded in studies of reading. This included saccades of more than 20 LS, saccades that were preceded or followed by fixations of less than 50 ms or more than 800 ms, and saccades that were directed at the fixation-accuracy marker to the right of the last word of a page. Together, this resulted in the exclusion of 6% of the data. In addition, we excluded saccades with an atypically large vertical tilt of more than three standard deviations from the mean and trials with saccadic curvatures that differed by more than three standard deviations from the mean. This left 46,367 eligible intra-line fixation-saccade-fixation sequences and 4395 return sweeps from the end of one line to the beginning of the next.
The vast majority (38,396) of intra-line saccades progressed with word order; the remaining (8022) intra-line saccades were regressions. As noted earlier, the guidance and programming of forward-directed saccades is relatively well understood. Readers use interword spaces to aim them at the center of the next word in the text so that it can be identified (McConkie, Kerr, Reddix, Zola, and Jacobs, 1989; McConkie et al., 1988) . Regressions, on the other hand, are less well understood. They appear to support error recovery processes, and they may be guided by represented knowledge rather than by parafoveally visible word units Inhoff, Weger, & Radach, 2005; Kennedy, Brooks, Flynn, & Prophet, 2003) . Consequently, we analyzed forward-directed intra-line saccades and regressions separately; supplementary analyses were also applied to return sweep saccades. 1 We thank Simon Liversedge for the suggestion of moving the onset and offset points for the computation of saccadic curvatures slightly into the beginning of the saccade.
Data analyses
A generalized linear model, as implemented in the LMER program of the lme4 package of the R system for statistical computing (Bates & Sakar, 2008; R Development Core Team, 2008 ; under the GNU General Public License, Version 2., 1991) was used to analyze the data. With this model, trial-based data can be entered, and computations can be performed with unbalanced designs that have different amounts of data in the experimental conditions (Baayen, 2008; Baayen, Davidson, & Bates, 2008; Kliegl, Risse, & Laubrock, 2007) . Subject-based variability was entered as a random effect, and regression weights for the reading condition contrast were set to +.5/À.5 so that model-based estimates of the effect size approximated corresponding differences between condition means. We report estimated effect sizes (b), the corresponding standard errors (SE), and t-values for numeric measures (and z-values for the binomial curvature direction measure) when they were statistically significant (p < .05). As in Kliegl et al. (2007) , we tested the significance of experimental effects through additional Markov Chain Monte Carlo (MCMC) simulations with the mcmcsamp program in the lme4 Package with 1000 samplings.
Initial analyses examined the size of progressive and regressive saccades and of their preceding fixation durations as a function of reading instruction and line order to determine whether the two experimental factors influenced these two standard oculomotor measures. Subsequent analyses, which were of primary interest, examined the influence of reading instruction, line order, and pre-saccadic fixation duration on saccadic curvatures. As indicated earlier, we examined the curvature size and the direction of trajectories separately, as positive and negative saccadic curvatures formed distinct frequency distributions (see Fig. 1 , left panel). This was not the case for another vertical position change of saccades, tilt, which was symmetrically distributed around a mean size of zero (see Fig. 1 right panel) .
Predictions
Reading instruction was expected to influence two conventional oculomotor measures, i.e., fixation duration and saccade size. Specifically, mean fixation duration was expected to be longer and mean saccade size was expected to be smaller during careful reading than during skimming, as careful reading requires the acquisition of more linguistic detail. The predictions regarding possible line order effects were not as clear cut. On the one hand, line order may influence neither fixation durations nor saccade size. One the other hand, it is also plausible to assume that the first line is read differently than subsequent lines. With the onset of a new page, readers no longer have access to previously visible text, and they may set up a new spatial and/or conceptual reference frame for the to-be-read page.
Our working assumption regarding the trajectory of reading saccades was that reading instruction, line order, and the duration of the fixation preceding a saccade would all influence saccadic curvature size and curvature direction. Overall, trajectories were expected to be negatively curved, as a top-to-bottom directed attentional momentum should automatically pull the trajectory toward the bottom of a page. Careful reading should result in a stronger focusing of spatial attention on the currently read line of text. This should counteract the automatic top-to-bottom pull on saccade trajectories and thus diminish curvature size and the relative frequency of negative curvatures. According to the time-locked attraction-inhibition account, the inhibition of negative curvatures should be especially likely when pre-saccadic fixation durations are long. Attention could also be more focused during the reading of the first line than during the reading of subsequent lines, and this should result in relatively small curvature sizes and relatively few negative trajectories, especially when pre-saccadic fixation durations are long. Saccade size was entered as an additional predictor into the analyses because larger saccades should provide more opportunity for deviation from the straight line in between the starting and ending positions of a saccade. Effects of reading instruction, line order, and pre-saccadic fixation duration could thus be examined when effects of saccade size were factored out. Fig. 2 shows a typical progression of the eyes through a passage of text during careful reading and skimming. The relative frequencies of saccade sizes and fixation durations during the reading of the two stories are shown in Fig. 3 . Similar to earlier work, the saccade size distribution was bimodal with a mean size of 8.1 letter spaces (LS) for progressive saccades and of 5.0 LS for regressions. Progressive saccades were preceded and followed by mean fixation durations of 209 ms and 211 ms, respectively, and regressions were preceded and followed by mean fixation durations of 201 ms and 213 ms, respectively.
Results
Saccade size and fixation duration
Progressive saccades were smaller during careful reading than during skimming, b = .735, SE = .078, t = 9.37, and they were smaller during the reading of the first line of a page than during the reading of subsequent lines (see Fig. 4 , left panel), b = .186, SE = .013, t = 14.49. The line order effect was larger during superficial than careful reading, b = .062, SE = .024, t = 2.44. The size of regressions, by contrast, was not influenced by reading type, p > .5 (see Fig. 4 , right panel). Their size increased with line order and this occurred primarily during line five reading, b = .094, SE = .028, t = 3.32. No other effect approached significance.
Fixation durations following forward-directed saccades were longer during careful reading than during skimming, b = 9.41, SE = 1.61, t = 5.82, and they increased with line number, b = 2.44, SE = .264, t = 9.22, in both reading conditions (p > .15 for the interaction). Fixation durations following regressions also differed from fixation durations following forward-directed saccades in that the effect of reading instruction was not reliable (p > .08). The duration of fixations following a regressive saccade increased with line number, b = 1.67, SE = .60, t = 2.94. None of the other effects approached significance, all p > .2.
Together, the results of the two conventional oculomotor measures, saccade size and fixation duration, revealed a substantially different pattern of reading instruction and line order effects for progressive and regressive saccades. Only progressive saccades and subsequent fixation durations showed converging effects of reading instruction with smaller saccades and longer fixation durations during careful reading than during skimming. Progressive saccades and subsequent fixation durations also revealed line order effects but smaller forward-directed saccades during line one reading were not associated with longer fixation durations. Regressions revealed only one effect, relatively large regressions during the reading of the last line of a page, possibly because error recovery assumed a special role before a new page of text was viewed.
Curvature size and direction of intra-line saccades
The mean curvature size of progressive saccades was 4.1 pixels, and substantially more saccades were negatively than positively curved (64% and 36%; t[23] = 3.77, p < .01). The curvature size of forward-directed saccades is shown as a function of reading instruction and line order in Fig. 5 . As can be seen in the Figure, the curvature size of forward-directed saccades was larger during skimming than during careful reading, b = .143, SE = .049, t = 2.96, and curvature size increased, primarily when the eyes moved from line 1 to 2, b = .045, SE = .008, t = 5.76.
Larger saccades provided more opportunity for more curvature, and the linear increase in curvature size with saccade size is shown Fig. 2 . A typical pattern of eye movements during skimming and careful reading in Experiment 1.
in Fig. 6 (left panel) , b = .296, SE = .003, t = 93.68. The curvature size of forward-directed saccades also increased with decreases in the duration of a pre-saccadic fixation, b = .008, SE = .00015, t = 4.9 (see Fig. 6, right panel) .
The curvature direction of progressive saccades was also subject to systematic changes. Negative curvatures were more common when text was skimmed than when it was read carefully, b = .125, SE = .050, z = 2.51, and their frequency increased with line order, b = .041, SE = .0082, z = 4.93. The frequency of negative curvatures also increased with decreases in pre-saccadic fixation duration, b = .00066, SE = .000156, z = 7.40, and negative curvatures were more common after small than after large progressive saccades, b = .068, SE = .0032, t = 21.04.
The curvature size of regressions was smaller than the curvature size of progressive saccades, 3.3 pixels, and regressions differed substantially from forward-directed saccades in that negative curvatures were less common than positive curvatures (44% and 56%, respectively; t[23] = 2.97, p < .01). In contrast to progressive saccades, regressions also did not reveal an effect of either reading instruction or line number on curvature size, both p > .5. Curvature size was influenced only by oculomotor properties. Similar to forward-directed saccades, curvature size increased with movement size (Fig. 7, left panel) , b = .316, SE = .006, t = 47.56, and it decreased with increases in the duration of the pre-saccadic fixation (Fig. 7, right panel) , b = .002, SE = .003, t = 6.3. Also similar to progressive saccades, the relative frequency of negative curvatures increased with line number b = .183, SE = .016, z = 10.99 and regression size, b = .026, SE = .0065, z = 4.0.
The curvature size and direction of return sweeps
The curvature size and direction of saccades from the end of one line to the beginning of the next revealed only one reliable effect: increases in curvature sizes with increases in saccade size, b = .105, b = .005, t = 18.75. No other effect approached significance.
Discussion
Experiment 1 revealed that the trajectory of the large majority of forward-directed reading saccades was negatively curved. The mean curvature size was slightly more than 4 pixels, approximately one third of the width of a letter. As expected, curvature size increased with increases in the size of forward-directed saccades, regressions, and return sweeps.
The trajectory of forward-directed saccades differed, however, substantially from the trajectory of regressions. Forward-directed saccades were much more likely to be negatively curved, and the size and direction of this curvature was stronger and more systematically modulated by pre-saccadic fixation duration, reading instruction, and line order.
The curvature pattern of progressive saccades was in general agreement with the time-locked attraction-inhibition hypothesis. Most forward-directed saccades were negatively curved, which we attribute to the influence of an early and automatic top-to-bottom orienting of attention. Careful reading requires the acquisition of more linguistic detail, and the increased focusing of attention on information extraction was expected to counteract this attentional momentum. Consistent with this, the curvature size of progressive trajectories was smaller and the direction of saccadic curvatures was less often negative when text was read carefully than when it was skimmed.
Readers may also have sought more linguistic detail during line one reading than during the reading of subsequent lines, as a pagebased reference frame may have been established when a new page started. In accord with this view, saccades were smaller during line one reading than during the reading of subsequent text. The line order effect differed, however, from the reading instruction effect, as shorter saccades during line one reading were not associated with longer fixation durations. To the contrary, there was a general tendency toward increases in fixation duration as readers progressed from one line to the next. Rather than reflecting an increase in linguistic processing demands, the size of progressive saccades could have been small during line one reading due to nonlinguistic processing demands. Readers could have established a visuo-spatial reference frame or a scanning pattern for the page.
Line order also influenced the trajectory of forward-directed saccades. The curvature of a saccade was smaller and its trajectory was less often negative during line one reading than during the reading of subsequent lines. Again, these curvature effects could be due to stronger focusing of attention during line one reading which could have diminished the influence of a general top-to-bottom orienting of attention. A stronger focusing of attention could also result in a stronger inhibition of saccades to lines with tobe-read 'distractor text'. The amount of distractor text is larger during line one reading than during the reading of subsequent lines, and the inhibition of saccades to distractor lines could thus be particularly strong during line one reading.
The time-locked attraction-inhibition hypothesis can also explain the effect of pre-saccadic fixation duration. Large and negatively curved trajectories were particularly common when presaccadic fixation durations were relatively short. According to the hypothesis, this provided relatively little opportunity for the inhibition of the automatic top-to-bottom orienting of attention and its pull on saccade trajectories. Conversely, relatively small curvature sizes and positively curved trajectories were more common when pre-saccadic fixation durations were relatively long, as this provided more opportunity for the build-up of inhibition.
Progressive and regressive saccade effects differed substantially. Regressions were influenced neither by line order nor by reading instruction. Their curvature size was influenced primarily by oculomotor factors, and they were more often positively than negatively curved. The source of these differences is not clear. The two saccade types differed in direction and size, and the absence of reading instruction and line order effects suggest that progressions and regressions also served different linguistic functions.
Experiment 2
The data of another study, referred to as Experiment 2, were analyzed to further assess two key findings of Experiment 1, that the majority of forward-directed reading saccades is negatively curved and that saccadic curvature effects are a function of line order. Experiment 2 differed from Experiment 1 in that it involved the reading of longer pages and in that all text was to-be-read carefully. The use of longer pages with more lines provided an opportunity for a further examination of the nature of the line order effect, i.e., whether it reflected changes in the linguistic processing of text or whether it was more closely related to the visuo-spatial processing of a page. A linguistic processing account predicts that line order effects should be confined to the beginning lines of a page. With relatively long pages, reading of the beginning lines may be more demanding because a page-based reference system is established, and the increased focus on information extraction could inhibit the influence of an automatic top-to-bottom orienting of attention. Line order effects on saccade trajectories should disappear after that. The visuo-spatial account predicts a more graded effect pattern, that is, visuo-spatial factors change gradually as the eyes moves toward the bottom of a page. According to this view, inhibitory effects of to-be-read 'distractor' text on saccade trajectories should diminish as the eyes progress from one line to the next.
Experiment 2 was not explicitly designed as a follow up study to Experiment 1, and the two studies differed considerably in method-related details. Even though this limited between-experiment comparisons, it also provided an opportunity for a more general testing of the time-locked attraction-inhibition hypothesis.
Method
Participants
Nine high school students, all 18-20 years of age and living in Potsdam, Germany, were paid to participate. All students had normal or corrected to normal vision.
Materials
The materials consisted of three practice and 213 experimental pages of text with about 17,500 words. Most pages (85%) contained eight to ten lines. An attempt was made to provide cohesive text and thus, page turns were always included between sentences. In addition, some pages with the ending of a story contained less than eight lines. The text consisted of one practice story and 50 experimental stories that were originally taken from basic educational texts (school books for elementary school) and were then modified to suit experimental purposes. A story could be told with only two pages of text or it could extend up to ten pages (M = 4.3 pages). Each story started with a new page and a story title. Some stories contained subheadings. Each story also contained one or two critical sentences with content that did not match previously stated information. The experiment was designed to measure readers' responses to these mismatches.
Apparatus
All text was shown in Courier New type font on a 17-inch flat panel LCD screen with a 1024 Â 768 pixel resolution and a refresh rate of 60 Hz. Each character space extended across 10 pixels horizontally. The story was presented in black against a light-grey background. Story headings were printed in a distinctive color, blue, and occasional subheadings were printed in dark grey. In addition, a rectangular dark brown-grey frame was drawn around the text to create the impression of reading from a sheet of paper. An Eyelink 1000 remote tracking system that sampled eye position at a rate of 500 Hz was used to record eye movements. Head tracking was used to correct measured eye position for head movements yielding a relative accuracy of .05°of visual angle for the measurement of the eye movements. An arm mount was positioned for the recording of eye movements from the left eye. Viewing distance was approximately 50 cm, at which each letter of text horizontally subtended approximately .37°of visual angle.
Procedure and design
The experiment involved the reading of a large amount of text, and participants were therefore seated in a very comfortable, laidback easy chair where they could rest their head on a head rest and their legs on a foot stool. The monitor was positioned slightly above the eye level of the reader and then tilted downward, so that a reader's line of gaze would be perpendicular to the vertical plane of the monitor. The viewing angle of the monitor and monitor tilt were occasionally adjusted to achieve maximum comfort for each reader. After being seated, participants received instructions about the experiment and the procedures involved in eye tracking. The participant's task was to read all text for comprehension.
The experiment started with a two-dimensional calibration of the eye tracking system. Viewing was binocular but only the left eye was tracked. Each participant was instructed to fixate a sequence of nine dots that appeared in random order at a left, center, or right location at the top, middle, or bottom of the screen. Calibration was followed by a validation routine. Before the presentation of a page of text, readers performed a fixation accuracy check, and a successful check triggered the presentation of the text page. If a fixation check was not successful, a drift correction or a new calibration was performed. Full calibrations were typically performed after 6-8 pages had been read, and if necessary, immediately after a tracking error was detected. After reading a page of text, participants were required to look at the letter string ''ooXoo" which was presented on every screen at the last line to the right of the last word. Participants were instructed to look at the ''X" for one second and then proceed by pressing an arrow button to move either to the next or to the previous text page.
The three first pages of text were read for practice. All participants then read 25 stories as the first part of the experiment. A random order for the presentation of these 25 stories was created for each participant separately. Afterwards, participants were allowed to take a short break, to stand up, and to stretch. Then, participants read the second 25 stories, again in an individually randomized order. Individual lines contained between 1 and 15 words, and the majority of them, 70%, contained between 7 and 11 words. The lines of text were approximately centered per screen. For text pages containing 10 lines the vertical midline of the screen was positioned between line 5 and 6. Lines were separated by 39 vertical pixels.
6.5. Curvature computation, data selection, and data analyses As in Experiment 1, the onset for the computation of saccadic curvatures was moved into the saccade. To obtain comparable onset and offset locations, we defined the starting point of a curvature as the mean eye location during the first three saccade position samplings, and used the last three position samplings to define the endpoint of a saccadic curvature. The sampling rate was lower than in Experiment 1, and since at least one intervening position sampling was needed to compute saccadic curvature properties, the duration of a saccade (as defined by the Eyelink system, see Experiment 1) had to exceed 14 ms to be included in the study. This excluded virtually all very small saccades between one and two letter spaces. The same data selection criteria were applied as in Experiment 1. This resulted in 11,025 return sweeps from one line to the next, 76,877 forward-directed intra-line saccades, and 9069 intra-line regressions. We also applied the same analyses as in Experiment 1, except that the effects of just one experimental factor, line order, was examined in addition to the effect pre-saccadic fixation duration. As in Experiment 1, saccade size was entered as an additional predictor so that line order and fixation duration effects could be determined when the influence of saccade size was factored out.
Results
A typical eye movement pattern during the reading of a page of text is shown in Fig. 8 . The relative frequencies of progressive and regressive intra-line saccades, and the relative frequency of fixation durations are shown in Fig. 9 (left and right panel, respective) . The mean size of a progressive saccade was 8.6 LS, and the mean duration of the fixation preceding and following a forward-directed saccade was 239 ms and 252 ms, respectively. Mean regression size was 7.6 LS, and the mean duration of the preceding and following fixation was 241 and 244 ms LS, respectively.
Saccade size and fixation duration
Consistent with Experiment 1, forward-directed saccade size increased with line order, b = .588, SE = .120, t = 4.90. Regression size, by contrast, remained relatively constant across lines, p > .5 (see Fig. 10, left panel) . The duration of fixations following progressive saccades increased with line order, b = .068, SE = .004, t = 16.27. Fixation durations following regressions did not show a corresponding line order effect, p > .5 (Fig. 10, right panel) .
The curvature and direction of intra-line saccades
The mean curvature size of progressive intra-line saccades was quite small, 1.4 pixels. In spite of its small size, the curvature of progressive saccades was modulated by line order and by pre-saccadic fixation duration. As in Experiment 1, curvature size increased with line order, b = .0089, SE = .0017, t = 5.32 (Fig 11, left panel) , it was larger when the pre-saccadic fixation duration was short, b = .000098, SE = .000050, t = 1.96 (Fig 11, right panel) , and it increased linearly with saccade size, b = .186, SE = .00014, t = 126.48.
Negative curvatures were only slightly more common than positive curvatures during forward-directed saccades (54% and 46%, respectively; t[8] = .33, p < .7). Curvature direction was strongly influenced by line order, b = .00958, SE = .000311, z = 30.77. The relative frequency of negative curvatures increased almost linearly as the eyes progressed from line one to line ten, with respective negative curvature rates of 47%, 48%, 50%, 52%, 54%, 56%, 58%, 60%, 62%, and 65%. However, in contrast to Experiment 1, pre-saccadic fixation duration did not influence curvature direction, p > .7, and the relative frequency of negative curvatures now increased with saccade size, b = .00205, SE = .00026, z = 7.63.
Regressions differed from forward-directed saccades in that their mean curvature size was somewhat larger, 1.7 pixels, and in that they were typically negatively curved (80%; t[8] = 9.39, p < .01). Similar to progressive saccades, regression curvature increased with regression size, b = .23, SE = .003, t = 60.42, and there were numeric trends toward larger regression curvatures as the eyes moved from the top to the bottom of a page and with decreases in pre-saccadic fixation duration (Fig. 10 , left and right panel, respectively). There was, however, considerable variability in the data, and the two trends did not approach significance, both p > .14.
Return sweeps
The curvature size of return sweeps increased with saccade size, b = .186, SE = .004, t = 45.55. Line order influenced the curvature direction of return sweeps, with an increasing proportion of negatively curved saccades as the eyes moved from the top to the bottom of a page, b = .022, SE = 0094, z = 2.32. The trajectory direction of return sweeps was also a function of pre-saccadic fixation dura- tion, with more negative curvatures when pre-saccadic fixation durations were short, b = .00071, SE = .00027, z = 2.62. In addition, there were more negative trajectories during relatively small return sweeps, b = .0099, SE = .0015, z = 6.25.
Discussion
Line order influenced the direction and size of saccade trajectories when saccades progressed with the order of words on a line. During line one reading, fewer than half of these saccades curved toward the bottom of a page. When line ten was reached, the curvature of these saccades was generally negative. Overall, curvature size also increased with line number and it was particularly large during line ten reading. This finding suggests that the line order effect is primarily due to an inhibition of saccades to distractor text that is visible below a current line. Decreases in the amount of tobe-read distractor text thus diminish inhibition, and this provides more opportunity for the influence of an automatic top-to-bottom orienting of attention that pulls saccades toward the bottom of a page.
As in Experiment 1, Experiment 2 showed effects of line order for forward-directed saccades but not for regressions. The size of forward-directed saccades and their preceding fixation duration increased as reading progressed toward the bottom of a page. Again, saccadic curvature size was modulated by the duration of the preceding fixation, with larger curvatures when the pre-saccadic fixation duration was relatively short, and this effect was larger and more robust for forward-directed saccades than for regressions.
Not all findings were consistent across experiments. Forwarddirected saccades and regressions were larger and fixation durations were substantially longer, by approximately 50 ms, in Experiment 2 than in Experiment 1. These differences in the size of saccades in the two experiments are a likely byproduct of the exclusion of saccades with movement durations of less than 14 ms, which resulted in the removal of a disproportionately large number of small saccades from Experiment 2. The fixation duration difference between the two experiments cannot be attributed to exclusion of small saccades, however, as fixation durations that preceded forward-directed saccades decreased, rather than increased, with the ensuing saccade size (r = À.4), and the correlation between regression size and the duration of the preceding fixation was negligible (r = .07).
Experiment 2 also yielded a different curvature-direction pattern than Experiment 1. The curvature of most Experiment 2 regressions was directed toward the bottom -rather than the top -of a page, the relative frequency of negative curvatures increased -rather than decreased-with the size of forward-directed saccades, and pre-saccadic fixation duration did not influence the direction of saccadic curvatures. Return sweep effects also differed across experiments. In Experiment 2, though not in Experiment 1, line order and pre-saccadic fixation duration influenced the trajectory of return sweeps in a pattern that was consistent with the time-locked attraction-inhibition hypothesis. That is, curvature size increased with decreases in the duration of pre-saccadic fixations and it also increased as reading progressed from the top toward the bottom of a page.
General discussion
The current study sought to extend prior examinations of saccade trajectories by determining the curvature of saccades that are executed as an integral part of a complex natural task: the reading of short passages of text. Examination of eye movements in the two reading experiments revealed typical movement patterns. As in other studies, most -but not all -reading saccades progressed with word order, mean fixation durations ranged from approximately 200 ms (Experiment 1) to approximately 250 ms (Experiment 2), and the size of forward-directed saccades was larger than the size of regressions. Furthermore, fixation durations and saccade sizes were influenced by linguistic processing demands and the layout of text (line order). In addition, Experiments 1 and 2 showed that the average trajectory of reading saccades deviated slightly toward the bottom of a page, and that the size and direction of saccade trajectories were subject to principled modulation. Experiment 1 showed that the curvature size and the relative frequency of negative trajectories were diminished when the demands of text comprehension were high, and both experiments showed that the curvature of saccade trajectories decreased and that negative trajectories were less common when the beginning lines of a page were read and when pre-saccadic fixation durations were relatively long.
Results of prior work indicated that the mean saccade trajectory is close to a straight line when individual visual saccade targets are presented without distractors. When distractors are present, saccades typically curve toward them when pre-saccadic fixation durations are short and away from them when pre-saccadic fixation durations are relatively long. McSorley et al. (2006) and proposed that saccades are initially attracted to distractors, hence the curvature toward them when pre-saccadic fixation durations are short, and attraction is followed by a subsequent build-up of inhibition, hence the avoidance of distractor locations when pre-saccadic fixation durations are long.
Reading differs from previously used saccade targeting tasks in that neither oculomotor activity nor target selection is under experimental control. The oculomotor movement pattern is relatively complex, and it is guided by the moment-to-moment demands of text comprehension. In spite of these differences, the time-locked attraction-inhibition hypothesis provides a reasonably good account of saccade trajectories during reading, if it is assumed that parafoveally and peripherally visible lines 'distract' saccade targeting. The saccadic curvature of progressive and regressive saccades was thus larger when pre-saccadic fixation durations were short than when they were long in Experiments 1 and 2 because saccades were initially pulled toward distractor text that was visible above and below a fixated line. Increases in presaccadic fixation durations provided more opportunity for the build-up of distractor inhibition thus diminishing curvature size.
The hypothesis can also be reconciled with other modulating effects. Careful reading differs from skimming in that it requires the acquisition of more linguistic detail during individual fixations and/or the visual inspection of more text. These goals are served by a stronger focusing of attention at a current line and by a stronger inhibition of distractors. Hence, the smaller curvature size of saccades during careful reading than during skimming. Effects of line order, with smaller saccadic curvatures when the first than when the last line of a page was read, are also in harmony with the hypothesis. In both experiments, forward-directed saccades were considerably smaller, and visual attention may have been more focused, when the first line was read than when subsequent lines were read. According to the hypothesis, the more detailed visual inspection was achieved via a stronger distractor inhibition. Saccadic curvatures were thus relatively small during line one reading -and this occurred in spite of relatively short fixation durations.
The targeting of saccades during reading also differs from the targeting of saccades in single-and double-step tasks in that readers have extensive experience with the experimental task. Shifts of attention are preferentially executed from left-to-right and from top-to-bottom, and a general top-to-bottom orienting of attention during reading can account for the preponderance of negatively curved saccades. Saccades may be pulled toward the bottom of a page, and this bias may be particularly strong when pre-saccadic fixation durations are short, as was the case in Experiment 1. In Experiment 1, negative curvatures were also less common when text was read carefully than when it was skimmed, as a stronger focusing of attention in the careful reading condition could have counteracted the effects of a global top-to-bottom orienting of attention. In both experiments, negative curvatures were also less common when the first than when the last line of a page was read, again indicating that a more focused range of visual attention diminished the influence of the top-to-bottom orienting of attention.
Both experiments also revealed substantial differences between forward-directed saccades and regressions. The spatial extent of a regression, the size of its curvature, and the vertical direction of its trajectory were relatively immune to the effects of reading instruction, line order, and pre-saccadic fixation duration. In Experiment 2, regression size was relatively large, which suggests that reduced sensitivity of regressions is not only a function of their relatively small size. A more promising alternative is to attribute the observed differences to the usage of visual information. Forward-directed saccades are visually guided and their progression through the text is constrained by the rate with which encoded visual information can be assimilated into sentence-and passage-level representations. Regressions, by contrast, can be successfully targeted without such visual guidance Kennedy, Brooks, Flynn, and Prophet, 2003) . Modulation of saccade trajectories could occur only when saccades are visually guided toward the targeted text.
Experiment 1 differed from Experiment 2 in that it required reading for meaning rather than the discovery of incongruent text segments, and not all curvature effects were present with equal strength in the two experiments. The curvature of saccade trajectories was considerably larger in Experiment 1 than in Experiment 2, and decreases in the relative frequency of negative trajectories with increases in pre-saccadic fixation durations were present in Experiment 1 but not in Experiment 2. Reading for meaning in Experiment 1 could have been easier than the discovery of incongruent information. Consistent with this, fixation durations were substantially shorter in Experiment 1, and this should have provided less opportunity for the build-up of inhibition. Less distractor inhibition could have yielded larger curvature sizes in Experiment 1, and it may also have yielded more robust effects of curvature direction.
Other effects appeared to be expressed differently in the two experiments. In Experiment 1, small forward-directed saccades were more likely to have a negative curvature than large forward-directed saccades, but the size of inter-line return sweeps had no effect on curvature direction. In Experiment 2, the negative curvature of intra-line saccades was not influenced by saccade size, but negative curvatures were more common after small return sweeps. Both experiments thus show a similar relationship between the size and curvature direction of reading saccades, but this relationship influenced different saccade types. The influence of intra-line saccade direction on the curvature of saccades also differed in the two experiments. In Experiment 1, negative curvatures were particularly common during forward-directed saccades; in Experiment 2, they were particularly common during regressions. The source of this discrepancy is unclear.
In sum, the current study detected principled modulations of saccade directories during reading that are largely consistent with the time-locked attraction-inhibition hypothesis. Trajectory modulations were relatively small, however, and they differed across saccade types and experiments. Additional work is needed to discern the source of these differences.
